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ABSTRACT 


This  Is  the  second  quarterly  report  on  contract  DAA  B07-76-C-0027 
Manufacturing  Methods  and  Technology  Evaluation  for  the  fabrication  of  a 
thin  film  transistor  based  solid  state  display  panel. 

Progress  In  all  scheduled  tasks  was  made  this  quarter;  the 
fabrication  of  the  engineering  samples  (£S)  through  the  use  of  a dedicated 
mask  system  Is  proving  troublesome  because  of  material  Interactions 
consequent  upon  the  use  of  the  laboratory  fabrication  unit.  Initial  tests 
Indicate  that  this  specific  problem  will  not  be  a factor  In  the  pilot 
manufacturing  machine.  Displays  were  made  In  the  ES  format  with  an  X’Y 
mask  system.  They  had  a similar  thin  film  material  layout  to  the  pilot 
unll!s  requirements.  The  overall  quality  level  was  reasonably  good  and 
initial  tests  Indicate  the  display  should  meet  the  required  specifica- 
tions. 

The  computer  controlled  pilot  manufacturing  unit  Is  operating 
at  overall  satisfactory  levels  and  good  progress  at  reducing  the  level  of 
elemental  short  circuits  was  made.  All  the  tooling  to  make  the  displays 
on  this  unit  Is  now  ready  and  first  complete  displays  from  the  pilot 
line  are  expected  soon. 


1.  PURPOSE 


"\  The  purpose  of  the  present  program  Is  to  establish  the  produd- 

blllty  of  a Thin  Film  Transistor  (TFT)  Addressed  Display  by  mass  production 
techniques  and  with  a mass  production  pilot  facility.  Existing  quality 
control  procedures  will  be  Improved,  and  where  quality  control  systems 
are  not  In  effect,  they  will  be  Introduced.  The  major  objective  of 
the  program  Is  to  originate  production  methods  and  techniques  capable  of 
meeting  estimated  military  needs  for  TFT  Addressed  Displays  for  a period 
of  two  years  after  completion  of  the  contract.  A further  objective  Is 
to  prepare  a base  and  an  action  plan  which  may  be  used  to  meet  expanded 
requirements  and,  when  necessary,  to  assist  In  establishing  additional 
sources. 

The  significant  tasks  being  performed  during  this  reporting 
quarter  Include  the  following: 

I.  Establish  manufacturing  methods 

lla.  Check  the  operation  of  the  dedicated  mask  concept 

llb.  Fabricate  engineering  sample  displays 
lie.  Test  of  engineering  sample  displays 

III.  Design,  procure  and  debug  equipment  for  circuit  fabrication 
IV.  Design,  procure  and  debug  equipment  for  packaging  process 
V*  ®aclpe  development  and  cost  reduction  for  circuit  fabrication 
VI.  Recipe  development  and  cost  reduction  for  packaging  process 
VII.  Design,  procure  and  debug  equipment  for  final  test  of  displays. 

A detailed  description  of  the  actual  work  performed  and  results  achieved 
on  each  of  these  tasks  will  be  given  in  the  following  narrative  discussion. 
This  report  covers  the  period  August  7,  1976  to  Movember  6,  1976;  If 
technically  appropriate  for  continuity  some  discussion  of  the  prior 
quarter  results  are  included  and  so  indicated. 
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2.  GLOSSARY 


Dedicated  Masks  - A set  of  metal  aperature  masks  (usually  12) 

each  with  a segment  of  the  overall  thin  film 
pattern.  One  mask  Is  equivalent  to  one 
evaporation  step. 


X*Y  Masks 


Packaging  Process 


RISTON^®^ 


APPLICON^*^ 


MANN^^^  Photorepeater 


- A pair  of  contacting  masks  that  are  moved  over 
each  other  to  generate  a complete  set  of  thin 
film  patterns.  The  one  mask  pair  Is  used  for 
all  of  the  evaporation  steps. 

- This  term  Is  used  to  summarize  all  the  steps 

that  are  needed  to  take  the  complete  thin 

film  transistor  circuit  through  to  a complete 

display.  It  Includes  laminar  photoresist 
(R) 

(RISTON  ),  phosphor  spray  and  seal  of  the 
top  plate. 

- This  Is  a Dupont  trade-name  for  their  laminar 
(sheet)  photoresist.  We  use  the  term  to  cover 
the  process  of  applying  the  material  through  a 
lamlnator,  exposing  and  developing  the  pattern 
of  phosphor  aperatures. 

- This  Is  a trade-name  (Appllcon  Co.)  that  Is 
used  to  summarize  the  computer  aided  design 
(CAD)  system.  This  Interactive  design  tool  Is 
used  for  pattern  layout  and  to  generate  magnetic 
tape  to  control  the  MANN  photorepeater. 

- A commercial  unit  that  generates  exposed, 
patterned,  photographic  places  of  ultra  high 
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Anneal 


(]iiallty.  These  plates  are  used  to  generate 
the  metal  masks. 

- A long,  high  temperature  bake,  given  to  the 
thin  film  circuits  as  part  of  their  fabrication 
process. 


3 


3.  RESULTS  AND  DISCUSSION 

For  clarity  the  narrative  discussion  of  tasks  performed  and 
results  achieved  will  be  structured  on  the  Initial  task  outline  as 
shown  In  the  CLIN0002AA  PERT  Chart. 

Fig  (1)  shows  the  task/ time  schedule  for  the  first  three 
quarters  as  revised  and  updated. 

3.1.  Task  I.  Establish  Manufacturing  Methods 

This  program  phase  Includes  effort  using  both  the  twelve 
station  pilot  manufacturing  line  and  the  laboratory  six  station  unit. 
Specific  tasks  conducted  Include  the  following: 

• Using  the  laboratory  version  of  the  pilot  facility  (the  so-called 
"laboratory  dedicated  mask"  machine) • the  operation  of  the  magnetic 
pull-up  fixture  was  checked  in  detail.  The  fixture  Is  shown  In 

Fig  (2).  Ho  problems  of  significance  to  the  pilot  machine  were  found 
although  specific  malfunctions  relevant  to  the  engineering  samples 
fabrication  were  observed,  as  described  below.  It  was  determined  that 
the  Teflon  alignment  pin  bushings  needed  attention  and/or  replacement 
on  a periodic  basis.  This  information  was  conveyed  to  the  pilot 
line  personnel. 

• The  alignment  of  the  mask  set  was  checked  using  the  split  field 
alignment  microscope.  The  procedure  and  equipment  are  used  in  common 
with  the  pilot  operation.  Pilot  line  personnel  were  then  trained  in 
the  specifics  of  the  display  mask  set  alignment  process.  Some  minor 
tooling  modifications  were  needed  to  allow  ready  visual  access  to  the 
alignment  registration  masks,  otherwise  this  prealignment  process  has 
worked  well. 
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I.  Establish  manufacturing  methods 

lla.  Check  the  operation  of  the  dedicated  mask  concept 

llb.  Fabricate  engineering  sample  displays 

llc.  Test  of  engineering  sample  displays 

III.  Design,  procure  and  debug  equipment  for  circuit  fabrication 
Design,  procure  and  debug  equipment  for  packaging  process 
Recipe  development  and  cost  reduction  for  circuit  fabrication 
Recipe  development  and  cost  reduction  for  packaging  process 
Design,  procure  and  debug  equipment  for  final  test  of  displays. 


IV. 

V. 

VI. 

VII. 


TASK/TIME  SCHEDULE  FOR  FIRST  THREE  QUARTERS 
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• Initial  deposition  runs  were  performed  with  the  basic  11  stage  mask 
set,  using  the  laboratory  system.  All  the  sequenc.es  checked  out  and 
the  as-fabricated  layout  conformed  to  the  original  "Appllcon"  design 
layout.  Fig  (3)  shows  the  cell  layout  as  designed  (from  the  "Applicon" 
CAD  data  base)  and  as  actually  fabricated. 

a A tentative  unit  cell  electrical  specification,  derived  from  the 
research  phase  of  the  program  was  tested  as  part  of  the  foregoing 
laboratory  dedicated  operation.  A preliminary  electrical  specification 
is  given  in  Table  (1);  from  this  analysis  a tentative  material  recipe 
was  generated  that  resulted  in  the  achievement  of  these  electrical 
specifications.  Table  (2)  details  that  material  recipe.  Fig  (4) 
shows  actual  measured  device  characteristics,  taken  from  thin  film 
transistors  made  on  the  laboratory  unit,  that  meet  these  specifications. 


Table  1 

Tentative  Electrical  Specification 
Device  Parameter  Requirement  Achieved 


^1 

logic  TFT 

^ON 

> 

100  uA 

300  pA 

< 

0.1  MO 

30  kO 

^OFF 

< 

2.5  nA 

1.0  nA 

> 

sovpp 

»50V 

PP 

^2 

power  TFT 

'on 

> 

125  mA 

350  pA 

^ON 

< 

o 

• 

00 

'^-100  kO 

'off 

< 

7 liA 

1 pA 

^B 

> 

200V__ 

PP 

300Vpp 

* 

Breakdown  limit 
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4.  MEASURED  TRANSISTOR  CHARACTERISTICS  TAKEN  FROM  TYPICAL 

DISPLAY  CIRCUITS 
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Table  2 

Initial  Material  Specification  ^ 
to  Achieve  El|ectrlcal  Requirements 


TFT  gate  dielectric 

AI2O3 

SOOO^each  gate 

Capacitor  dielectric 

AI2O3 

5000^/ two  layers 

Crossover  dielectric 

AI2O3 

> 1.5  u® 

Bus  bar  metal 

A1 

loooX 

Transistor  gate  metal 

A1 

lOOOX 

Transistor  sestLcondutor 

CdSe 

looS 

Transistor  source/draln 

Various: 

loooi 

metal 

etg.  Au 

Derived  from  initial  manufacturing  methods.  Task  1. 


10 


r 


1 

\ 


I 

I 


I 


3.2.  Task  I.  Establish  Hanufacturlng  Methods  - The  Pilot  Machine 

The  first  tasks  on  the  pilot  machine  were  to  check  the 
basic  operation  of  the  process/material  system  regarding  certain  bade 
requirements,  such  as  shorting,  under  conditions  that  utilize  the  new 
magnetic  pull-up  flxturlng  without  the  added  constraint  of  the  new 
masks  and  new  substrate  holder  tooling.  Prom  this  Initial  analysis  it 
was  hoped  that  critical  problem  areas  could  be  pin-pointed  early  in 
the  program. 

To  quickly  move  Into  this  program  phase  a simple  test  circuit 
was  used.  It  has  4000  test  transistors  of  similar  dimensions  to  those 
required  In  the  display.  The  masks  are  also  'v4'*  square  and,  although 
less  "dense"  than  the  eventual  masks,  do  provide  a good  initial  test 
vehicle.  The  test  transistors  are  brought  to  external  pads  for  easy 
testing  of  shorts.. 

Using  the  tentative  material  specification  the  problem  of 
shorting  In  the  circuits  was  examined.  As  determined  in  the  engineering 
samples  program,  this  will  be  a key  problem.  A detailed  discussion  of 
various  causes  for  circuit  shorts  was  given  in  the  first  quarterly 
report.  In  that  report  considerable  success  was  reported.  This  present 
analysis  indicates  that  two  probable  major  causes  of  internal  short 
circuits  in  thin  film,  large  scale  integrated  circuits  remain:  inclusions 
in  the  Insulator  material  and  Interactions  between  materials  (specifi- 
cally indium  or  cadmium  selenlde  with  the  other  materials). 

The  "inclusions"  referred  to  here  are  quasl-spherlcal  particles, 
ranging  up  to  two  or  three  microns  in  size,  which  occur  primarily  in 
the  transistor  gate  area,  but  also  in  areas  with  insulator  films  only. 

Fig  (5)  Illustrates  these  Inclusions.  A very  strong  statistical 
correlation  exists  between  the  Incidence  of  these  inclusions  and  the 
Incidence  of  short  circuits.  Preliminary  Information  tends  to  suggest 
that  these  Inclueions  ere  actually  aluminum  oxide  (Al^O^),  which  Is 
used  as  the  insulator  material.  This  preliminary  "information"  is 
derived  from  the  following: 

1.  Inclusions  with  this  geometry  can  be  found  In  areas  of  the 
substrate  that  are  masked  off  from  every  evaporant  source 
except  aluminum  oxide. 
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2.  Initial  analyses  by  secondary  electron  emission  analysis 
from  a scanning  electron  microscope  always  indicate  the 
presence  of  Insulator  material  only,  in  areas  with 
inclusions  where  only  Insulator  material  is  known  to  be 
present. 

Additional  investigation  is  planned  for  the  very  near  future  using 
other  sophisticated  analysis  instrumentation  available  at  the  Research 
Laboratories. 

On  the  assumption  that  these  inclusions  are  aluminum  oxide, 
experimental  processing  was  performed  on  test  circuits  (awaiting  display 
panel  tooling),  using  different  techniques  and  different  procedures  to 
evaporate  aluminum  oxide,  to  ellndnate  these  inclusions.  High-rate, 
radio-frequency  sputtering  has  been  attempted,  but  initial  indications 
are  that  this  technique  has  a new  set  of  problems  which  will  require 
significant  effort  to  overcome.  Current  efforts  are  now  pointed  toward 
modifying  procedures  for  electron  beam  evaporation.  Three  different 
source  materials  have  been  used,  with  varying  degrees  of  success. 

Single  crystal  sapphire  appears  to  cause  "sputtering."  Vacuum-sintered 
alumina  (Lucalox)  has  fewer  inclusions  but  they  are  still  statistically 
significant.  The  same  holds  true,  perhaps  to  a slightly  lesser  extent, 
for  a vacuum-melted  alumina  from  the  Merck  Company,  designed  specifically 
for  electron-beam  evaporation.  Procedural  changes  involving  beam 
focussing,  sweep  focussing,  and  different  evaporation  rates  are  also 
being  investigated. 

At  the  same  time,  ejq>erlments  to  determine  the  effect  of 
indium  (adhesion  layer)  concentration  are  being  carried  out,  as  indium 
is  by  far  the  most  active  material  present  and  melts  well  below  any 
reasonable  annealing  temperature.  It  is,  therefore,  the  most  likely 
suspect  in  any  material  interaction.  Within  the  process  development 
facility,  these  experiments  will  be  limited  to  changing  the  concentration 
of  Indiiaa,  as  scientists  in  the  research  area  are  investigating  other 
materials  to  replace  indium  as  the  adhesion  layer  for  conductors. 
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3.3.  Task  II.  Fabrication  of  Engineering  Samples  and  Operation  of 
Dedicated  Mask  Concept 

The  fabrication  of  the  engineering  samples  Is  slightly  behind 
the  pre-established  schedule  submitted  to  the  Army  in  the  program  PERT 
chart.  Note  however  that  significant  progress  has  been  made  and  several 
months  remain  relative  to  the  formal  ES  delivery  date.  It  is  perhaps 
relevant,  nevertheless,  If  we  examine  in  some  detail  the  problems 
(and  solutions)  that  have  been  determined  so  far  in  this  program  phase. 

(a)  Poor  pattern  definition 

This  is  a consequence  of  the  lack  of  mask/substrate  contact, 
despite  the  best  magnetic  pull-up  technology  we  know  how  to  Incorporate. 
We  have  in  previous  months  pinned  down  this  problem  to  excessive  thermal 
effects  in  the  ES  device  fabrication  unit.  Two  parrallel  solutions  were 
Implemented  to  solve  this  system  deficiency;  an  extension  of  the 
evaporated  throw  distance  and  the  Incorporation  of,IR  reflective, 
heat  shield, pull-up  backing  plates.*  It  can  now  be  stated  with  confidence 
that  these  modifications  have  solved  the  problem  at  least  as  far  as  the 
ES  samples  fabrication  unit  Is  concerned  and,slnce  Implementation, no 
fuzzy  patterns  have  been  observed. 

(b)  High  resistance  contacts  on  bus  lines 

Due  to  the  6 station  ES  system  limitation  we  have  to  break  the 
process  half-way  throtjgh  the  cycle.  This  process  "break",  which  Is  only 

ft 

directly  applicable  to  the  ES  fabrication  but  could  have  Implications 
regarding  the  pilot  machine,  results  In  oxide  film  build  up  on  aluminum 
surfaces.  The  high  resistances  formed  cause  excessive  voltage  drop 
on  the  gate  busbars.  A "flash"  of  evaporated  gold,  deposited  through 
a mask  in  the  sequence,  eliminates  the  oxide  film.  Tests  of  contact 
resistance  from  inside  the  cells  to  edge  contacts  are  summarized  In 
Table  (3). 


r * 

These  backup  plates  are  5 mils  Kovar  sheet  with  etched  apertures  corres- 
ponding to  the  required  mask  openings.  They  are  pratreated  with  copper 
to  make  them  IR  reflective. 


-) 
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Table  (3) 

Typical  Contact  Resistances 

(1)  Direct  source  bus  (Al)  to  source  contact  (Cr:Au) 

(2)  Source  bus  to  source  contact  via  2 complete  extra  cells 

(3)  ..  Internal  source  bus  contact/cell 

(4)  Direct  gate  bus  (Al)  to  gate  contact  (Cr:Au) 

(5)  Gate  bus  to  gate  contact  via  one  extra  cell 

(6)  Intra  cell  ground  to  ground  bus 

(7)  Intra  cell  ground  to  ground  bus  and  one  extra  cell 


(c)  Equipment  malfunction  (laboratory  ES  samples  unit) 

We  have  not  been  severely  constrained  by  equipment  down  time 
but  It  has  been  a contributory  factor.  Problems  met  with  and  resolved 
Include  poor  bushing  repeatability,  excessive  vibration  in  the  system, 
poor  reliability  In  the  magnetic  pull-up  actuator  feed  through  and 
miscellaneous  leaks.  The  actuator  problem  Is  still  a potential  source 
of  difficulty  although  It  operates  satisfactorily  now. 

Despite  the  satisfactory  resolution  of  the  above  problems  we 
still  do  not  have  quality  displays.  To  determine  why  we  set  about 
establishing  a detailed  test  procedure.  Mr.  Paul  Malmberg  has  been  made 
the  key  test  engineer  on  the  ES  samples  so  that  we  can  get  focussed 
effort  on  this  aspect.  The  test  Eos  inaulgtor  Is  as  follows. 

Dielectric,  Intrinsic  quality  test 

Using  ES  Ssmpl.es  #D48  an  experiment  wss  carried  out  to  deter- 
mine the  qvallty  of  gate  Insulator  and  to  correlate  Insulator  breakdown 
(if  possible)  with  particles  or  spots  under  the  gate  metal  as  viewed 
through  a 40(a  microscope.  A sampling  of  60  powmr  transistors  was  made, 
taking  15  devices  from  each  of  the  four  comers.  The  electrical  test 
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consisted  of  tying  the  source  and  drain  together  at  ground,  applying 
a positive  sweep  voltage  to  the  gate  and  recording  the  voltage  at  which 
the  first  breakdown  event  occurred. 

Results  of  the  test  show  overall  adequate  Insulator  quality 
and  no  direct  correlation  between  defects  and  voltage  breakdown 
although  visual  inspection  after  the  test  showed  approximately  4 
breakdowns  which  occurred  at  an  observed  defect  site.  Breakdown  appeared 
to  be  a function  of  position  on  the  substrate  and  probably  more  closely 
related  to  alignment  and  metal  deposition.  For  exeunple,  in  one  corner 
where  the  gates  were  obviously  misaligned  breakdown  occurred  along  the 
non-overlapping  edge.  In  another  corner,  breakdown  was  primarily  at 
the  side  of  the  gate  but  at  either  end  of  the  semiconductor  (most  often 
at  the  open  end  of  the  gate).  In  summary,  breakdown  appeared  to  be 
deposition  sensitive,  but  independent  of  the  miscellaneous  spatter. 
Average  breakdown  voltage/spots  were  as  follows  159/13,  164/38, 

210/3,  244/17. 

Conclusion:  No  obvious  dielectric  intrinsic  quality  problem. 

The  outlined  results  of  the  test  program  are  shown  in 

Table  4. 

/ 

The  overall  conclusions  were  clear. 

(a)  The  TFTs  are  close  to  specification  and  are  not  the  limitation, 
see  Fig  ( 4 ) above. 

(b)  The  Intrinsic  electrical  properties  of  the  Al20^  dielectric  are 
adequate  and  are  not  the  limitation. 

(c)  There  are  excessive  gate  to  grotind  shorts. 

This  latter  item  is  obviously  the  key  and  so  we  attempted  to 
track  down  the  reason  causing  the  shorts. 

A series  of  nuts  were  made  with  simple  crossover  circuits, 
i.e.  only  using  a portion  of  the  mask  set.  Every  gate  to  ground  and 

t % 

source  to  ground  contact  was  checked  and  the  individoal  shorts  traced. 

It  was  lamediately  clear  that  a large  number  of  the  crossovers  were 
shorted  despite  the  high  intrinsic  breakdown  in  the  Al20^.  These 
crossovers  Include  a structure,  as  shown  in  Fig  (6),  that  is, a mixed 
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metal  [Al-Au-Al-Al202"Al]  system.  The  Au  being  a consequence  of  the 
flash  (oxidation  prevention)  process  detailed  above.  Small  traces  of 
black  specs  could  be  seen  at  the  metal  edge;  it  is  now  obvious  that  at 
the  fringes  of  the  mixed  metal  system  an  Intermetalllc  Al-Au  compound 
is  forming  and  that  this  is  causing  the  shorts. 

To  check  this  idea  a "pure"  AI-AI2O2-AI  crossover  (No  Au) 
matrix  was  made  under  identical  conditions  to  the  previous  runs.  It  was 
free  of  the  black  Intermetalllc  specs  and  largely  non-shorted.  The  few 
residual  shorts  were  explainable  as  the  normal  consequence  of  the  Al20^ 
deposition  as  discussed  in  detail  below. 

The  use  of  silver  as  a protection  flash  coating  over  the 
aluminum  has  been  tried.  This  is  the  aluminum  that  is  exposed  through 
the  opening  of  the  vacuum  system  half-way  through  the  process.  One 
original  solution,  the  40^  of  silver  over  the  aluminum  has  proved  not 
statistically  reliable  regarding  its  Influence  on  cell  shorts  (via  the 
capacitor  which  because  of  layout  limitations  is  inevitably  coated  in 
the  silver  flash) . In  addition  the  crossover  short  count  is  too  high 
for  the  same  reason.  High  power  magnification  revealed  microparticulates 
forming  in  the  Ag-Al  contact  region  much  as  with  with  gold-Al.  Fig  ( 7 ) 
Illustrates  these  minute  asperities  in  a Ag-Al  crossover  contrasted  with 
a good  Al-Al  crossover.  Any  asperity  in  a crossover  can  cause  shorting. 

A better  answer  is  needed  and  the  obvious  answer  is  to  design  a mask  that 
applies  this  "flash"  oxidation  protection  only  over  the  selected  areas 
that  require  protection  not  over  the  metal  in  the  crossover  region. 

Using  our  "Appllcon"  design  data  base  we  have  examined  this  problem  and 
decided  that  by  minor  modifications  to  MASK  #7  (Copper  Interconnect)  we 
can  quickly  obtain  such  a solution.  This  new  mask  has  been  layed  out 
and  is  now  ready  for  photofabrication.  It  should  be  received  in  2-3  weeks. 
^Ig  (8  ) Illustrates  the  modification  to  MASK  47, 


Good  Cross  over 


X200  D66  Al/Cu 


MICROPARTICLES  IN  GOOD  AND  BAD  CROSS-OVERS 


RM-69676 


Table  4-A 

Dielectric  Test  Data 
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0 
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13 

4 
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90 
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68 
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0 

0 
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1 
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95 
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132 
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2 
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3 

1 

190 

145 
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159  13  spots 


164  V 88  spots 


Table  4-B 


Shorting  Analysis 


Sample 

No. 

Gate  to 
Ground 

Source  to 
Ground 

D54 

18 

4 

DS3 

16 

10 

D47 

18 

2 

D48 

29 

3 

TOTAL  56 

80 

POSSIBLE 

1 kO  scale  VOM  test. 


Conclusion:  Defective  gate  to  ground 


22 


Although  this  problem  is  specific  to  the  engineering  samples 
program  It  is  very  valid  to  future  pilot  run  activity.  The  opening  of 
the  vacuum  system  that  causes  the  oxidation  does  not  of  course  appertain 
in  the  pilot  operation.  In  future  rapid  production  rate  runs  however 
it  Is  possible,  indeed  likely,  that  oxygen  bleed-ln  may  be  needed  to 
preserve  Al^O^  stoichiometry.  Such  an  oxygen  depletion  In  the  dielectric 
can  occur  with  fast  e-beam  deposition  rates  such  as  would  be  needed  with 
rapid  production  rates. 

After  receipt  of  the  mask  we  will  Imaediately  Incorporate  it 
in  ES  fabrication.  Meanwhile  we  are  proceeding  to  attempt  an  alternate 
solution,  viz;  other  material  systems  that  could  be  less  reactive  as 
regards  the  generation  of  shorts. 

To  examine  the  validity  of  the  thin  film  layout  we  decided  to 
fabricate  displays,  in  the  required  engineering  samples  format,  using  the 
X-Y  movable  mask  approach.  This  method,  that  was  the  technique  used  to 
develop  the  technology  originally,  can  reproduce  the  cell  layout  and 
material  system  used  without  difficulty,  although  it  should  be  noted  it 
is  not  a method  directly  applicable  to  the  pilot  operation.  The  mask 
purchase.  Jig  modification,  process  establishment  and  actual  deposition 
of  these  X-Y  TF  circuits  is  covered  by  an  existing  Army  R&D  contract 
(OAAB07-72-C-0061)  and  is  therefore  not  charged  to  this  MM&TE  effort. 

The  analytical  comparison  conducted  between  the  circuits  made  with  X-Y 
and  the  dedicated  oiethods  is  however  valid  and  of  great  Interest. 

PI’S  ) shows  the  layout  used  in  the  X-Y  approach  and  Fig  (^o)  shows 
the  display  so  fabricated.  As  can  be  seen  even  with  this  limited  effort 
we  were  able  to  rapidly  achieve  fabrication  of  retisonably  good  quality 
displays.  This  confirms  us  in  the  belief  that  there  are  no  layout  or 
material  problems.  Comparison  of  the  TFTs  themselves  Indicates  that 
there. are  also  no  differences.  The  major  ambiguities  between  these 
successful  X-Y  fabricated  displays  and  the  comparatively  unsuccessful 
dedicated  displays  are: 
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10.  DISPLAY  OPERATION  (X'Y  FABRICATION  METHOD) 


(1)  X-Y  devices  are  fully  populated  rather  than  5x7  blocks 

(2)  No  shared  conmon  ground  bus  In  the  X-Y 

(3)  Use  of  the  silver  "flash"  In  the  dedicated  mask  method.  ( 

The  first  two  factors  should  not  have  any  effect  of  significance;  to\ 

\ 

check  we  will  proceed  Inaedlately  to  make  fully  populated  dedicated 
displays.  The  only  major  difference  is  the  silver  "flash",  we  remain 
convinced  therefore  that  this  is  the  root  of  our  problems;  next  quarter 
should  see  this  resolved  via  the  new  mask  described  above. 

3.4.  Task  II.  Test  of  Engineering  Samples 

Using  the  two  good  quality  displays  made  to  date  we  have 
conducted  some  quick  estimations  of  how  the  displays  measure  up  to  the 
required  final  device  specification.  It  is  clear  that,  at  least  to 
date,  the  power  specification  will  be  met.  Table  5. 

TABLE  (5) 

POKER  DISSIPATION 

Spot  brightness  * No.  of  characters 


fl 

0 

64 

128 

256 

20 

250 

240 

290 

390 

30 

240 

550 

Heights  ware  within  the  5 os.  limit  and  brightness  levels  were 
satisfactory  and  within  the  limit  Pig  (2.6)  of  the  first  quarterly 
report  . Some  defects  (shorts  and  open  lines)  were  present  so  that 
SOM  difficulty  in  meeting  the  legibility/recognition  specification 
was  expected. 

Improved  quality  can  be  anticlpsted  as  the  program  progresses. 
Environmental  tests  (initial)  are  proceeding  and  will  be  reported  on 
in  the  next  quarter. 


26 


3.5  Design,  Procure  and  Debug  Equipment  for  Circuit  Fabrication 

3. 5.1. Task  III-A.  Design.  Procure  and  Debug  Equipment  — 

Internal  Tooling  and  Flxturing  for  Circuit  Fabrication 

During  this  problem  solving  phase  the  operation  of  the  magnetic 
pull-up  flxturing  the  new  substrate  holders  and  the  new  mask  holders 
has  been  observed.  A cross  section  of  the  fixture  is  shown  in  Fig  (n) 
and  a picture  in  Fig  (2).  The  first  test  is  the  ability  of  the  jig  to 
reproduce  the  present  alignments,  i.e. , transistor  gate  overlaps, 
insulator  pad  locations  relative  to  crossovers,  location  of  the  semicon- 
ductor, etc.  In  general  this  has  been  good  throughout  this  period. 
However  some  irreproduclbility  due  to  pin/bushlng/hole  wear  was  observed. 
This  will  require  some  attention.  Fig  (3)  shows  the  good  registration 
overlap  in  typical  circuits. 

Another  observed  problem  in  the  otherwise  smooth  operation  of 
the  flxturing  was  the  difficulty  in  mngnet  "drop"  control.  The  device 
depends  upon  the  use  of  competing  springs  to  break  the  mask/glass 
contact  before  the  mask  holder  is  withdrawn.  Determination  of 
appropriate  spring  for®  constants  has  been  done  but  aging  and  the  effects 
of  heat  have  a degrading  effect  on  the  repeatlblllty.  Better  spring 
material  selection  is  in  progress. 

Host  encouraging  has  been  the  reliable  computer  control  of 
the  operation.  Of  course  the  system  (CPU,  Interface  and  vacuum  system) 
has  been  proven  in  many  months  of  prior  operation.  However  the  control 
of  the  magnetic  pull  up  is  new  as  is  the  process  sequence.  Many  details 
of  other  system  changes  regarding  the  wheels,  cams,  detector  micro- 
switches  etc.  were  made  and  reported  in  the  previous  quarter.  All  have 
operated  satisfactory  to  date. 

The  overall  operation  of  the  modified  system  and  pull-up 
fixture,  in  conjunction  with  the  associated  substrate  and  mask  holders, 
was  deemed  satisfactory.  Some  *lnor  changes  were  made  to  the  designs 
to  reduce  weight  and  to  improve  the  pin-hole  alignment  through  "coning" 
the  hole  aperture.  A go-ahead  was  given  to  the  tooling  fabricators  and 
four  sets  of  magnetic  pull  up  fixtures,  substrate  holders  and  11  mask 
holders  ordered  to  our  specifications.  They  have  recently  arrived  and 
their  Initial  operation  la  described  In  the  Section  V report  below. 
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Task  III-B.  Design,  Procure  and  Debug  Equipment- 
Aperture  Masks  and  Mask  PuII-upb 

The  Ni~Cu:Be~Nl  aperture  masks  developed  for  this  program 

represent  among  the  most  advanced  species  of  the  mask  makers  art. 

Fig  (12)shows  a typical  mask  at  high  and  low  magnification.  All  the 

layouts,  computer  aided  design,  tape  output  conversion  (to  a compatible 

form  with  the  Mann  1600  unit) , and  Mann  photoplate  generation  was 

completed  prior  to  the  start  of  the  program.  A complete  mask  set  had 

been  purchased  and  during  this  reporting  quarter  effort  at  the 

pilot  operation  and  as  part  of  the  engineering  samples  fabrication 

has  been  expended  to  prove  out  this  aspect  of  the  process.  The  major 

questions  to  be  resolved  In  this  debug  phase  were  as  follows: 

(a)  Are  the  masks  too  fragile  to  be  effectively  handled? 

(b)  Are  the  masks  too  fragile  to  be  repeatedly  cleaned? 

(c)  Is  the  magnetic  permittivity  sufficient  to  allow  good  pull-up, 
l.e.  Intimate  glass/mask  contact. 

(d)  Can  the  masks  survive  repeated  magnetic  pull  action  without 
distortion. 

(e)  How  much  deposited  material  can  build  up  before  peel  of  the  films 
occur. 

(f)  What  is  the  optimum  thickness  and  metal  core/skin  ratio 

(g)  What  is  the  optimum  "natural"  Be:Cu  bend  direction. 

Several  of  these  questions  have  now  been  resolved  and  the  questions 
remaining  are  those  of  degree  that  can  only  be  adequately  detenslned 
in  Task  V.  It  Is  now  clear  that  the  masks  can  be  handled  and  used. 

TOey  can  be  cleaned  but  are  also  Indicating  slight  evidence  of  delamination 
A better  cleaning  procedure,  avoiding  for  example  destructive  ultrasonics, 
will  be  Investigated  In  Task  V.  Heat  has  proved  a major  difficulty 
with  these  fragile  masks;  this  problem  Is  treated  In  more  detail  in  the 
discussion  of  Task  II  (Engineering  Samples)  and  Task  V.  Ripple 
distortions  occur  under  the  coid>lned  action  of  the  multiple  surface 
magnetic  poles  and  heat.  The  use  of  thicker  masks  ('v5.5  mils)  was 
indicated  by  this  result  but  the  resulting  stiffness  tends  to  induce 
oil-canning",  l.e.  a popping  of  the  Mask.  Mo  further  mask  changes  are 
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readily  available  within  the  short  time  frame  but  the  use  of  secondary 
pull-ups  has  been  a significant  factor  In  allevatlng  this  problem. 

See  Task  II.  Tests  of  alternate  bow  directions  were  made,  l.e.  the  direction 
relative  to  the  mask  defining  side  that  the  pull-up  (secondary)  mask 
core  Is  pulled  from  Its  coll.  It  Is  now  evident  that  concave-up. 
towards  the  magnet.  Is  the  better  direction  for  mask: glass  Intimate 
contact. 

Orders  for  complete  mask  sets  using  the  optimum  parameters 
were  placed  with  the  supplier  (Towne  Labs  Inc).  Since  receipt  a single 
(from  222x77  ■ 17094)  blocked  aperture  In  the  semiconductor  mask  was 
detected.  It  has  been  traced  to  the  master  photoplate  and  a corrected 
plate  made.  The  aperture  problem  Is  trivial  as  of  now.  In  addition 
a design  error  in  one  of  the  pull-up  masks  was  found i an  entire  row 
of  Insulator  apertures  was  partially  blocked.  The  result  was  a partial 
short  along  an  entire  row.  Once  again  quick  access  to  the  design  tools 
meant  that  we  were  able  to  generate  a new  pull-up  mask  and  It  has 
already  been  received. 

3.5.3.  Task  III-C.  Design,  Procure,  and  Debug  Equipment  — 

In  Process  Test  Equipment  for  Circuit  Fabrication 

The  question  of  test  equipment  to  determine  the  critical 
' process-or-not"  decision  will  be  of  vital  Importance  to  the  success 
of  the  program  as  the  circuit  throughput  Increases.  Not  only  does 
every  circuit  (half  display)  have  111x77  cells  each  with  two  transistors 
and  a capacitor,  but  there  are  also  17,094  busbar  crossovers  per  half 
display.  Of  course  It  Is  not  necessary  to  test  every  device  as 
®l*l^*tical  tests  are  sufficient.  However  a complete  test  would  provide 
us  with  a method  of  pin  pointing  exact  short  (or  open)  sites,  thus 
Inldvldual  causes  can  be  identified,  l.e.  what  caused  the  short.  Also 
the  possibility  of  elemental  "repair"  functions  are  raised. 
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A conceptual  design  for  an  automatic  prober  was  put  together. 
This  system  design  was  based  largely  on  existing  computer  based 
automatic  wafer  probers.  Fig  (13)  Illustrates  by  block  diagram  the 
overall  design.  This  equipment  will  be  purchased  on  Westlnghouse  funds 
and  will  be  used  on  the  contract.  Several  suppliers  were  contacted 
and  various  vendors  qualified.  Test  substrates  with  various 
metallizations  (aluminum,  copper  and  gold)  were  taken  to  the  Semlcon 
East  Show  (Long  Island,  NY)  for  probing.  Visual  Inspection  of  probe 
marks  made  by  an  Electroglas  Model  1034X  automatic  waferprobe  with 
beryllium  copper  probe  tips  Indicate  that  good  electrical  contact  can 
be  made  on  all  of  these  materials  (even  breaking  through  the  oxide 
layer  on  top  of  aluminum)  without  excessive  damage  to  the  conductors. 
Formal  quotes  from  waferprobe  vendors  were  received.  An  order  for 
the  complete  system  was  placed.  Shipment  Is  expected  In  the  second 
quarter  of  1977.  A further  period  will  be  needed  to  Interface  to 
the  H-P  minicomputer  that  will  control  the  probe  and  record  and 
analyze  the  data. 

It  Is  also  anticipated  that  the  same  system  could  be  used 
to  actually  repair  TF  circuits.  Fig  (14)  shows  the  selected  probe 
positions  on  a display  cell-pair.  By  selectively  grounding  the 
probes  In  adjacent  regions  and  applying  a capacitor  generated  voltage 
across  a short  it  is  possible  to  clear  it. 


3.6.  Task  IV.  Design.  Procure  and  Debug  Equipment  for  Packaging  Process 
Unlike  the  circuit  fabrication  process  the  subsequent 
processing  is  not  equipment  intensive.  Most  of  the  items  needed  for 
this  process  are  already  in  use  in  this  and  related  programs.  The 
following  list  details  those  items  that  are  in  a fully  debugged  and 
operational  state. 

(a)  Photoresist  lamlnator  - existing  equipment  in  operation 

(b)  Alignment  of  modules  and  backing  plate  seal  fixture. 

This  was  built  for  the  program  and  is  now  in  operation. 
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DESIGN  OF  AUTOMATED  TEST  FACILITY 


Power  supply  module 

Electroglass  1024X  automatic  wafer  prober 
Relay  matrix 

Test  rack, Includes  four  dc  supplies  and  8kHz  ac  power 
Scope  output 


(c)  Photoresist  ej^osure  unit-existing  equipment  In  operation 

(d)  Photoresist  developer  - existing  equipment  In  operation 

(e)  Phosphor  spray  booth  with  pressure  feed  gun  and  movable 
substrate  system  - now  In  operation 

(£)  Top  electrode  evaporator  (PbO:Au)  - now  In  operation 
In  addition  the  needed  cure  ovens  etc.  are  In  operation.  No  limitations 
are  evident  here  to  date,  Che  quantity  of  displays  passing  final 
test  Increases  significantly  we  may  need  to  build  the  optional 
multldlsplay  frame.  As  yet  this  Is  not  needed. 

3.7.  Task  V.  Recipe  Development  for  TF  Circuit  Fabrication  Processes 
The  first  attempt  at  a "production  run"  of  display  circuits 
was  begun  on  October  20,  1976.  It  was  anticipated  that  the  first  few 
runs  would  be  required  for  debugging  new  tooling  2md  procedures,  and 
that  little  or  no  data  relevant  to  the  process  would  be  acquired. 

Tooling  problems  did  occur:  The  first  substrate  fractured  near  the 

end  of  Its  cycle,  leaving  pieces  of  glass  on  several  masks.  As  a 
result,  several  masks  were  damaged,  and  none  of  the  four  substrates 
In  the  run  had  a complete  pattern.  The  masks  have  been  replaced,  and 
what  patterns  were  available  on  the  substrates  were  evaluated. 

Several  problems  were  anticipated  as  a result  of  work  carried 
out  by  Research  Labs  personnel.  The  most  serious  of  these  are  open 
Interconnect  lines  due  to  oxidation  of  the  aluminum  overlaps,  poor 
Insulator  pattern  definition  due  to  thermal  mask  warping,  and  inclusions 
In  the  insulators  causing  shorts.  Resistance  measurements  of  al«md.num 
Interconnects  yield  excellent  conductivity,  indicating  that  low  level 
oxygen  backfilling  during  alumina  deposition  does  not  cause  any 
measurable  oxidation  of  the  Interconnect  overlaps.  Gate  and  crossover 
Insulator  patterns  appear  quite  sharp  at  the  edges  of  the  substrate, 
but  somewhat  diffused  In  the  center  Indicating  that  tooling  or  heat  may 
be  a serious  problem.  No  conclusions  could  be  reached  as  to  the 
seriousness  of  the  short  problem,  due  to  missing  or  excessively  shadowy 
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patterns  caused  by  the  fractured  substrate.  Transistor  characteristics 
appear  quite  reasonable  for  most  of  the  transistors  tested<  Switch 
source-drain  leakage  measurements  were  well  below  1 na  with  -20  volt 
gate  bias;  power  devices  were  observed  to  break  down  at  approximately 
400  to  450  volts. 

The  systematic  Investigation  of  the  short-circuit  problem  Is 
continuing.  Electron  microprobe  analysis  has  proved  Inconclusive 
so  far.  An  analysis  using  lon-sputterlng  yielded  only  the  conclusion 
that  the  equipment  has  poor  resolution.  The  majority  of  opinion  Is 
still  that  the  visible  particles  are  aluminum  oxide,  because  of  their 
location.  Discussions  have  been  held  with  several  manufacturers  of 
electron  beam  guns  about  evaporating  Insulators,  particularly  aluminum 
oxide.  Their  consensus  seems  to  be  that  high  voltage  EB  evaporation 
of  insulators  can  cause  "sputtering,"  and  the  obvious  solution  is  to 
reduce  the  voltage.  The  solution  had  been  suggested  In  the  past, 
along  with  many  others,  and  had  been  resisted  because  of  the  Implications 
of  dual  voltage  deposition  In  a single  power  supply,  automated  system. 
However,  during  the  second  production  run  of  display  circuits  on 
October  27  and  28,  electron  beam  gun  accelerating  voltage  was  manually 
adjusted  downward  for  Insulator  evaporation  for  two  of  the  four 
substrates.  Interestingly,  the  required  evaporation  rate  (5  &/sec)  was 
achieved  with  no  dlscemable  Increase  in  current  (0.12  amps  In  both 
cases)  even  though  the  accelerating  voltage  had  been  reduced  from 
10  KV  to  7 KV!  Furthermore,  visual  Inspection  of  the  substrates  run 
at  the  lower  voltage  Indicates  very  few  or  no  Inclusions  in  the 
Insulator  layers.  As  a result,  a minor  modification  Is  being  made  to 
the  insulator  electron  beam  gun  to  permit  a more  reasonable  beam 
pattern  at  reduced  voltage.  If  further  experimental  results  indicate 
that  low  voltage  alumina  evaporation  yields  low  short-count  films,  a 
minor  modification  to  the  power  control  can  be  made  to  provide  dual 
voltage  capability.  The  mystery  remains  however,  that  a 30Z  reduction 
in  power  achieves  the  same  work  (5  X.sec)  as  full  power.  That  additional 
power  had  to  be  converted  to  heat,  most  of  which  radiates  up  to  the 
mask,  causing  buckling.  Thus,  if  satisfactory  control  can  be  achieved 


36 


r 


\ 

i 

t 

\ 

I 

( 


at  a lower  voltage • and  if  the  resulting  films  are  clean • the  lower 
voltage  should  also  reduce  the  mask  sagging  problem. 

3.8  Task  VI.  Recipe  Development  and  Cost  Reduction  for  the  Packaging 
Process 

The  packaging  process  consists  of  photoresist  lamination 
exposure  and  developing,  phosphor  and  filming  resin  spray  and  final 
top  plate  seal.  No  major  developments  are  anticipated  here  since  the 
process  is  moderately  well  defined.  Initial  experience  has  confirmed 
that  assumption;  our  early  estimates  (Nov.  1975)  of  yield  in  this  process 
step  indicated  that  40Z  would  be  reasonable.  We  now  feel  that  was  con- 
servative and  we  are  achieving  better  than  60%  routinely.  The  major  area 

of  difficulty  has  been  the  top  gold  contact  to  the  edge  connector, 

(R) 

where  this  evaporated  film  overlaps  the  RISTON  edge  it  can  become 
discontinuous.  This  problem  was  investigated  and  it  was  determined 
that  Che  sharpness  of  the  edge  of  the  resist  was  to  critical;  this  in 
turn  was  traced  to  the  contrast  in  Che  photoplace  used  to  generate  Che 
pattern.  A photographic  emulsion  toner  was  used  to  soften  Che  contrast 
at  the  photoplate  edge.  We  expect  this  will  solve  the  problem  and 
should  know  shortly. 

In  addition  to  problem  solving  we  have  analyzed  the  packaging 
process  for  it’s  overall  timing.  The  obvious  process  step  that  is  the 
suijor  time  consuming  stage  is  the  spray  of  the  phosphor.  To  avoid  uneven 
drying  and  poor  uniformity,  and  also  to  maintain  the  layer  thickness 
limits  needed  for  good  control  over  power  dissipation  it  was  found 
essential  to  go  through  several  spray/dry  stages.  The  layer  being  built 
up  from  as  many  as  six  separate  spraying  and  drying  steps.  To  avoid  this 
time  consuming  process,  which  will  prevent  eventual  fullfilment  of  the 
production  rate  objectives,  we  have  started  to  examine  other  processes. 
This  is  a difficult  objective  despite  its  apparent  lack  of  complexity, 
since  in  addition  Co  Improving  the  timing  and  control  it  is  also  our 
objsctivs  to  enhance  the  performance  of  the  device.  This  can  be  achieved 
through  added  contrast  between  the  lit  phosphor  end  the  surrounding 
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areas  and  therefore  is  intimately  associated  with  the  phosphor  and 
packaging  process.  A small  sub-program  to  achieve  these  multiple 
objectives,  consistent  with  the  aims  of  Task  VI  (Recipe  Development)  is 
now  being  formalized. 

3.9  Task  VII.  Design.  Procure  and  Debug  Equipment  for  Final  Test 

Much  of  the  equipment  needed  for  final  test  already  exists. 
The  photometric  and  environmental  equipment  being  moderately  standard. 
The  alphanumeric  test  exerciser  exists  in  operational  form  but  needed 
modification  to  Increase  the  number  of  lines  in  the  horizontal 
(from  180  to  222)  to  mate  with  the  256  character  display.  This  has 
been  achieved.  A simple  connection  scheme  was  needed.  This  was  also 
developed, the  device  allows  repeated  insertion  and  removal  without 
destruction  of  the  contact.  It  also  is  reliable.  The  device  is  shown 
attached  to  a display  in  Fig  (15),  is  based  on  an  elastomeric  multiple 
redundancy  gold  contact.  The  contact  interface  is  made  by  the  AMP 
Company.  It  is  called  "elastomate" . 

The  electronic  wattmeter  system  was  linked  to  the  displays 
fabricated  on  the  program.  It  %rorked  well  and  the  measurements  of 
power  detailed  above  were  made  with  it. 


4.  CONCLUSIONS 

1.  The  use  of  an  oxidation  protection  film  of  noble  metal  over 
the  aluminum  bus  bar  Is  required  in  the  laboratory  six-station  unit  but 
does  not,  at  this  point,  seem  critical  In  the  pilot  unit. 

2.  The  principal  problems  that  have  delayed  success  In  the  labora- 
tory ES  phase  are  related  to  this  oxidation  protection  process. 

3.  Successful  fabrication  of  displays.  In  the  required  format  and 
using  a similar  cell  layout  and  material  system  was  achieved  using  an 
alternate  method.  Displays  tested  to  date  look  promising  regarding  the 
requirements  of  SCS  501. 

4.  The  computer  controlled  pilot  machine  haa  been  successfully 
operated  using  the  new  magnetic  pull-up  flxturlng. 

5.  All  new  tooling,  masks  and  flxturlng  Is  now  ready  for  full 
display  fabrication  using  the  pilot  line  operation. 


5.  PROGRAM  FOR  NEXT  QUARTER 


1.  Install  the  new  tooling  and  masks  on  the  pilot  machine  and 
fabricate  first  displays  under  complete  computer  control. 

2.  Continue  to  fabricate  ES  displays  in  the  laboratory  unit  with 
new  oxidation  protection  material  system. 

3.  Obtain  modified  #7  mask  for  laboratory  ES  process,  test  to 
establish  if  this  will  solve  the  oxldatlon/shorting  problem. 

4.  Establish  modified  phosphor  deposition  process  with  the  ala 
of  better  throughput  and  improved  contrast  enhancement. 

5.  Continue  to  fabricate  displays  with  X*Y  mask  method  and 
characterize  them  regarding  the  specification  requirements  of  SCS  501. 

6.  Continue  to  refine  in-process  and  final  test  methods. 
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7.  IDENTIFICATION  OF  PERSOHNEL 


Overall  supervision  - M.  Green  and  0.  H.  Davies 

Pilot  operation  - T.  Csakvary,  W.  L.  Rogers,  R.  E.  Stapleton, 

R.  G.  Abraham,  S.  D>  Burkholder  and  J.  Gessner 
Laboratory  ES  fabrication  **  H.  Y.  Ney,  F.  S.  Youngk,  H.  B.  Shaffer 
Laboratory  ES  fabrication  (X-Y)  - F.  C.  Luo  and  D.  W>  Yanda 
Packaging  and  performance  test  - Z.P.  Szepesl  and  D.  Leksell 
Nev  mask  design  and  fabrication  ~ L.  J.  Sienklewicz  and  M>  V.  Cresswell 
Circuit  test  - P.  R.  Malmberg  and  others  listed  above 
Consultation  - T.  P.  Brody  and  F«  T.  Thompson 


During  the  three  months  reported  here  the  following  personnel 
worked  for  the  following  time. 


Approximated  Hours 
Estimated 


M, 

D. 

W, 

R. 

R. 

S. 
J. 
H. 
F. 
Z. 

T. 
D. 

L. 

M. 
P. 
T. 
P. 


Green 

36 

H.  Davies 

180 

L.  Rogers 

360 

E.  Stapleton 

54 

G.  Abraham 

18 

D.  Burkholder 

325 

Gessner 

360 

Y.  Wey 

360 

S.  Youngk 

360 

P.  Szepesl 

145 

Csakvary 

300 

Leksell 

180 

J.  Sienklewicz 

36 

U.  Cresswell 

7 

R.  Malmberg 

110 

P.  Brody 

18 

T.  Thompson 

3 

Rote  f.  C.  Luo  and  D.  H.  Yanda  (X-Y  fabtlcetion  of  displays)  axe 
not  directly  part  of  the  HHU  program.  Several  of  these  people  were  of 
course  charged  to  the  related  Hestinghouse  program  other  than  the  MM&TE  contract. 
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